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PVT data for benzene and methanol have been obtained 
experimentally at low pref?sures using a modified Boyle's 
law apparatus. The results obtained, for the most part, 
did not agree with the literature values. An attempt has 
been made to investigate the probable errors which were 
involved. 
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The volumetric properties of vapors have long been of 
interest. These properties are important in many of the 
processes in which the chemical engineer is interested 
such as absorption, distillation, adsorption and other 
unit operations. 
Several equations have been used to calculate the 
volumetric behavior of gases and vapors. These include 
the Benedict-Webb-Rubin, the Beattie-Bridgeman~ Redlich-
Kwong, and others. None of these equations was derived 
theoretically. Because of this, it is difficult to deter-
mine the constants of these equations when mixtures are 
considered. The virial equation of state has theoretical 
significance in that the virial coefficients are related 
to the interactions of molecules. The second virial coef-
ficient accounts for two body interactions and the third 
virial coefficient accounts for three body interactions. 
The virial equation of state can be written in two 
different forms: 
The Leiden form 




The Berlin form 
PV = RT + B u p + C I p2 + ( 2) 
where B is equal to B' and C' equals ( C - B2 ) /RT. , 
A large amount of work has been done during the last 
25 years to determine experimentally the second virial 
coefficients of vapors at low pressures. At these pres-
sures (below one atmosphere) the virial equation of state 
can be terminated after the second term. The second 
virial coefficients of many pure compounds have been 
found. The behavior of the second virial coefficients for 
binary mixtures of non-polar compounds has also been char-
acterized to a large extent. Some work has been done on 
binary mixtures containing a polar and a non=polar compo=· 
nent or two polar components. However~ more work is 
required before the behavior of the second virial coeffi-
cients of these mixtures is completely characterized. 
This study was initiated with two goals. These were 
(1) to construct an apparatus suitable for obtaining PVT 
properties at low pressures and (2) to obtain experimen-
tally second virial coefficients of binary mixtures con= 
taining a polar and a non-polar component (benzene-
methanol and benzene-ethanol). In the preliminary work to 
check the second virial coefficients of the pure compounds 
some unforeseen difficulties were encountered. Due to 
these difficulties~ the experimental investigation made in 
this study did not progress to the point of considering 
mixtures. 
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With this introduction, the major goals of this study 
can now be stated: 
1. A brief review of the various types of apparatus 
which have been used to obtain PVT properties at 
low pressures. 
2. To design and construct a low pressure PVT 
apparatus. 
3. Discussion of the results obtained in the 
preliminary study on the pure components 
(benzene and methanol) with an analysis of 
the various sources of error including 
adsorption which were the probable cause of 
the deviation of the results obtained in 
this study from those in the literature. 
CHAPTER II 
LITERATURE SURVEY 
The literature survey made in this work consists of 
two parts. The first part is a general review of the 
various apparatus which have been used to determine second 
virial coefficients at low pressure. In the second part~ 
a discussion is presented on two of the ways in which 
second virial coefficients have been theoretically 
interpreted. 
Experimental Methods 
The two methods most used in the low pressure deter-
mination of experimental second virial coefficients are 
those using the so-called Boyle 1 s law apparatus and the 
differential method. A third method has been used with 
binary mixtures in which the second virial coefficient is 
determined from the pressure change on mixing. Still 
another method which is used to determine second virial 
coefficients is that used by Burnett (6). Since this 
method has not been used in low pressure work, it will not 
be discussed here. 
One of the first investigators to use the Boyle's law 
4 
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apparatus for the determination of second virial coeffi-
cients was Lambert (2). His apparatus consisted of a 
glass U-tube with one leg closed 9 a mercury inlet at the 
bottom and a vacuum source connected to the other leg. The 
sample was introduced into the closed leg and was then 
compressed in stages with mercury at constant temperature. 
With a vacuum being pulled on the other leg~ the pressure 
could be measured by the difference in the mercury heights 
in the two legs of the U-tube. The volume was obtained 
from a previous calibration of the closed leg of the U-
tube. From a series of pressure-volume readings~ the 
second virial coefficient was determined by the slope of 
the line obtained by plotting PV (pressure-volume product) 
versus P (pressure). This apparatus was originally used 
to obtain the second virial coefficients of pure sub-
stances. When the use of this apparatus was extended to 
binary mixtures, the mixture was made up in an auxiliary 
apparatus where known amounts of each component were vacuum 
distilled into a mixing chamber and then a sample of this 
mixture was introduced into the Boyle's law apparatus and 
data were taken for calculating the second virial coeffi-
cient. Carter (7) used a modification of the Boyle's law 
apparatus in which the two components of the mixture were 
first used as pure compounds in separate U-tubes. These 
pure samples were then mixed and the PVT properties of a 
sample of this mixture were obtained in one of the U-tubes. 
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The apparatus used in this work is of a similar design and 
is discussed in detail later. 
Cottrell and Hamilton (9) have used another variation 
of this method. Their apparatus consisted of four cali-
brated volumes into which the sample was consecutively 
expanded. The pressure was measured between each expan-
sion giving a series of pressures and volumes from which 
second virial coefficients were obtained. 
Similar types of apparatus have been used by a number 
of other investigators (10 ~ 13). The main advantage of 
the Boyle's law apparatus is its relative simplicity. The 
accuracy in this type of apparatus is dependent upon the 
accuracy of the volume calibration and the accuracy in the 
subsequent measurement of the pressure and volume . 
The differential method was first used by Whytlaw-
Gray (1) and later by one of his associates, Bottomley(4). 
A similar type of apparatus was used by Hamann and Pearse 
(16). With this type of apparatus, the PVT properties of 
a vapor are found with reference to a gas whose PVT prop-
erties are well known. Nitrogen is usually used as the 
reference gas . In Bottomley's work, the vapor sample 
being tested and the reference gas were always held at the 
same pressure in separate bulbs over mercury. A quantity 
of mercury was removed from the sample bulb after which 
mercury was removed from the reference gas bul b until the 
pressures were again equal . The respective changes in 
volume were obtained by weighing the amount of mercury 
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which was removed from each bulb. In thi s way, he obtained 
a series of ratios of the sample volume to the reference 
gas volume. With these ratios, he could obtain the second 
virial coefficient of the vapor being tested . Hamann and 
Pearse compressed the sample and the reference gas in 
three interconnected volumes which were of equal volumes 
for each gas. The difference in the pressure of the sam-
ple and the reference gas was then measured while the 
sample and reference gas are occupying the same volume. 
The data of the above investigators were obtained at con-
stant temperature. 
This type of apparatus was used to eliminate the 
errors of measuring the pressure and vo lume at each point 
of a PVT run. The accuracy in Bottomley 's apparatus is 
dependent upon the sett ing of the manometer points (these 
indicate when the sample and the reference gas are at the 
same pressure) , the calibration of the dead space and con-
necting tubes of the bulbs , and the error present in 
weighing the mercury which was withdrawn from the bulbs at 
each point of a pressure-vol ume run . With this type of 
apparatus the mixtures must be made up in an auxiliary 
apparatus before they can be injected into the sample bulb 
and a PVT run made . 
The third method was first used by Knobler , Beenakker 
and Knaap ( 20) at liquid oxygen temperatures for binary 
mixtures . This method consists of havi ng the two compo-
nents of the mixture at the same temperature and pressure , 
mixing them~ and then measuring the pressure change on 
mixing and from this the second virial coefficient of the 
mixture was calculated. This method was not seriously 
considered in this work since this method had been used 
only for rather ideal mixtures and the problems which may 
be encountered in more non-ideal mixtures at ordinary 
temperatures were unknown. 
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Since 1950, much attention has been given to revising 
the apparatus used for the experimental determination of 
second virial coefficients at low pressure in order to 
eliminate or at least minimize the effects of adsorption. 
The most important step in this direction has been to 
eliminate the exposure of the vapor sample and the mercury 
used for compressing the sample to stopcock grease. 
Therefore, in all the apparatus used in low pressure PVT 
work today, stopcocks have been replaced by metal valves 
or,in some cases,other types of special valves (3). The 
cleaning of the apparatus also affects the amount of 
adsorption. 
Theoretical Interpretation of the 
Second Virial Coefficients 
of Vapors 
There are essentially two methods which have been 
used to interpret the second virial coefficients of vapors. 
One of these is based upon the Berthelot equation of state 
9 
and the second is concerned with the Stockmayer potential. 
The second virial coefficients of non-polar vapors 
follow the principle of corresponding states. The 
Berthelot equation has been found to represent a uniform 
relation between the second virial coefficient and the 
reduced temperature~ T/Tc~ between reduced temperatures of 
0.6 and loO (12, 15)o This relation is given by the fol-
lowing equation: 
(3) 
where Bis the second virial coefficient, R is the univer-
sal gas constant, Tc is the critical temperature, Tis the 
absolute temperature, and Pc is the critical pressureo 
The second virial coefficient of a mixture can be 
expressed as: 
where Bm is the second virial coefficient of the mixture, 
x is the mole fraction of substance 1, ( 1 - x) is the mole 
fraction of substance 2, B11 and B22 are the second virial 
coefficients of pure component 1 and 2 respectively, and 
B12 accounts for the interaction between component 1 and 2. 
The Berthelot equation of state has been extended 
with success to mixtures of non-polar vapors using the 




where v~ 2 is the critical volume of the mixture, v~1 and 
C v22 are the critical volumes of components 1 and 2 
C respectively, T12 is the critical temperature of the mix= 
C C ture~ and T11 and T22 are the critical temperatures of 
components 1 and 2 respectively. 
With the success of the above use of the Berthelot 
equation on binary mixtures of non-polar compounds, experi-
ment seems to verify that the Berthelot equation of state 
accounts for all forces acting between molecules except 
the dipole-dipole forceso These are forces between the 
dipoles of polar compounds which must be considered when 
calculating second virial coefficients of polar compounds. 
The difference between the observed second virial coeffi= 
cient and that calculated by the Berthelot equation is 
ascribed to these forces~ which are assumed to be due to a 
small amount of dimerization and may be treated by the law 
of mass action. This general approach was first used by 
Lambert (21). The observed second virial coefficient can 
then be represented by: 
B =BB+ Bd (7) 
where Bis the observed second virial coefficient~ BB is 
that calculated from the Berthelot equation~ and Bd is 
expressed by the following equation: 
(8) 
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where KP is the dissociation constanto 
This equation can be used when the dipoles of a polar 
substance are not at the center of the molecule so that 
for certain mutual orientations~ the dipoles can approach 
each other more closely causing an associationo This can 
be represented by an equilibrium constant where the energy 
term could be the representative of the depth of the po-
tential well and the entropy could represent the restric= 
tions placed on the mutual orientationso 
Equations 7 and 8 can then be used with Equation 4 
for mixtures of a non-polar component and a polar compo-
nent assuming no association between the non-polar mole-
cules in the following way: 
where B11 and B22 are the second virial coefficients of 
the two pure components calculated from the Berthelot 
equation of state. This type of reasoning can also be 
extended to binary mixtures of two polar components by 
considering association between like and unlike molecules. 
The method used by Stockmayer is a rigorous treatment 
of the second virial coefficient of a gas composed of 
spherical molecules. It assumes that these molecules are 
attracted according to the sixth power of their separation 
distance and repelled according to the s power and in addi-
tion have a dipole at their centers. The expression for B 
is given by statistical mechanics: 
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where N is the number of moles and in general Eis a func-
tion of r~ the distance of separation~ of e1 and e2 ~ the 
angles made by the dipoles with the line joining their 
· centers, and of c.p~ the angle between the planes which pass 
through the line of centers and contain the two axes. For 
non-polar molecules, Eis assumed so little dependent on 
orientation that an average value may be taken and the 
integration is performed for only one coordinate~ the 
distance of separation. For polar molecules with dipole 
interactions, Eis given by the following~ 
E - (4s){(d/r)s - (d/r) 6 - tV2(d/r)3} (11) 
where Eis the maximum energy of interaction in the ab-
sence of dipole forces~ dis the collison diameter and t 
is called the reduced dipole energy and is given by~ 
where u is the dipole moment. 
Stockmayer first worked withs equal to infinity 
(hard core molecules) ands equal to 24 (24). He then 
(12) 
used this potential to represent the virial coefficients 
of ammonia and water at high temperatures. Hirschfelder~ 
McClure, and Weeks repeated Stockmayer's calculations 
using s equal to 12 (19)o Rawlinson (23) extended this 
work to other gases at lower temperatures. He found good 
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agreement with experimental values and compared the values 
calculated using the Stockm.ayer potential to those calcu-
lated using an equilibrium constant to account for dipole 
associationso He then justified the use of the equilib-




As previously mentioned, the apparatus used in this 
work was a modified Boyle's law apparatus used by Carter 
(7). The unique feature of this apparatus was that it had 
two U=tubes~ one for each component~ with a mixing chamber 
connected to the sample side of each U-tube. In this way~ 
the amounts of the two pure substances could accurately be 
determined by making a pressure=volume run on each in their 
respective U-tube. These samples could then be mixed in 
the mixing chamber and a pressure-volume run made with a 
part of this mixture in one of the U-tubes. 
The reference letters in the following discussion 
refer to the sketch of the apparatus in Figure 1. The 
sample legs (A) of the two U-tubes were constructed of 
precision bore pyrex tubing. They are approximately 18 
inches long and one had a diameter of 3/4 inches and the 
other a diameter of 1/2 inch. These different diameters 
were used to give different surface to volume ratios which 
might be used to detect adsorption.· The vacuum legs (B) 
up to the location of the sample inlets (D) were standard 
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Figure lo Sketch of Apparatus 
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and 14 millimeter with the 1/2 inch sample leg. The glass 
tubing leading to the McLeod gauge and to the diffusion 
pump was standard 14 millimeter pyrex tubing. 
A Hoke bellows type valve model M440 (C) was at the 
top of each sample leg. These valves were used instead of 
stopcocks to avoid contaminating the samples with stopcock 
grease. The valves were constructed of monel with teflon 
seats and were connected to the glass by kovar to glass 
seals a.nd stainless steel fittings. Monel ~ stainless 
steel and kovar are all resistant to mercury. A cylindri= 
cal mixing chamber with a volume of approximately 250 
milliliters was connected to the valves on the sample legs 
by 8 millimeter pyrex tubing as described above. This 
mixing chamber contained a glass paddle stirrer which in= 
eluded two glass enclosed iron rods. This stirrer could 
be rotated by rotating a magnet around the outside of the 
mixing chamber. The stainless steel fittings were covered 
on the outside by a vacuum wax to seal any minute leaks. 
The sample inlets (D) were constructed of 8 millimeter 
pyrex tubing, a 3~way mercury sealed high vacuum stopcock 
and a tapered joint to which the sample tubes could be 
connected. I 1 J~ K~ and L were high vacuum 6 millimeter 
bore glass stopcocks and M was a 2 millimeter bore high 
vacuum stopcock. 
At the bottom of each U=tube was another bellows 
valve (E) leading to a mercury reservoir (F). These valves 
were connected to the glass in the manner previously 
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described" The mercury reservoirs had a volume of approx-
imately 500 milliliterso Air pressure or a vacuum could 
be exerted on the mercury through the two 3=way stopcocks 
(G)o 
The vacuum in the U-tubes was measured by a Cenco 
model 94151 McLeod gauge. This gauge was used extensively 
in the leak testing and also for checking the pressure on 
the vacuum side of the U-tubes while making a run. The 
vacuum was maintained on the U-tubes by a Welch Duo=seal 
two stage vacuum pump connected to an oil diffusion pump. 
A single stage Welch Duo-seal vacuum pump was used as a 
secondary vacuum source for use with the mercury reser= 
voirs at the bottom of the U-tubes. 
The U-tubes and mercury reservoirs were contained in 
a temperature-controlled air bath. This bath had the in-
side dimensions of 50 inches high~ 16 inches wide and 12 
inches deep. The bath was made of sheet metal. Insulation 
for the bath consisted of 2 inches of glass wool. A 1/8 
inch plywood cover was used to hold the insulation in 
place. The back of the box was removable. A 42 inch by 
16 inch double 3/8 inch plate glass window was in the 
front of the bath" The two plates were separated by one 
inch of dead air space for insulation. A 140 cubic feet 
perminuteHarco-Fasco type blower was placed in the upper 
left rear corner of the bath" This blower pulled air from 
within the box over three 250 watt strip heaters and a 
cooling coil located in the upper rear of the batho The 
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heaters and cooling coil were enclosed in a sheet metal 
case punctured with holes through which the air from with= 
in the bath could be pulledo This blower then distributed 
the air down a 4 inch by 4 inch duct located down the rear 
left corner of the batho The heat output of one of the 
heaters was regulated by a 7.5 ampere Variac which was 
held constant. The heat output of the other two heaters 
was regulated by a 7.5 ampere Variac which was controlled 
by a Fisher model 44 temperature controller. This con-
troller had a thermistor probe which was placed directly 
under the exhaust of the blower mentioned above. Another 
blower of the same type as above was placed in the lower 
right corner of the bath to give additional circulation. 
The U-tubes and the bellows valves were mounted in-
side the bath on a 1/2 inch thick transite board. Transite 
blocks were used for additional support to fasten the 
glass tubes to the board. An angle iron frame with alumi= 
num rods was used as a mounting rack for the sample inlets 
and the glass tubing leading to the vacuum pump and the 
McLeod gauge.· Extensions were placed on the bellows 
valves so they could be adjusted from outside the bath. 
Tygon tubing was used to connect the lower bellows valves 
to the mercury reservoirs. The initial lighting for the 
apparatus consisted of a 48 inch dual overhead fluorescent 
light. 
During operation~ the mercury heights inside of the 
U-tubes were measured by a Gaertner precision cathetometer. 
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This cathetometer could be read directly to 0.005 centime-
ters and a reading could be estimated to 0.003 centimeters. 
The cathetometer and thermostated temperature bath 
rested on a two foot high wooden bench beneath which the 
vacuu.m. pumps were placed. 'I'he McLeod gauge stood on the 
floor directly beside the thermostated bath. A photograph 
of the apparatus is presented in Figure 2. 
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1Figure 2. Ph~tograph cf Apparatus. 1 
CHAPTER IV 
EXPERIMENTAL PROCEDURE 
Temperature Controller Setting 
As mentioned previously, a Fisher model 44 tempera-
ture controller was used to control the temperature of the 
bath.. This controller used a thermistor probe as a sensing 
element. The voltage drop across the thermistor was bal-
anced by a bridge in the internal circuit. If the bridge 
was unbalanced on the low temperature side 7 a relay turned 
the controlled-heaters on. When the bridge was balanced 
again, the controlled-heaters were turned off .. This con-
troller had only on-off control. The bridge had three 
resistances which could be set to give the desired control 
point. These were labeled 19 range 11 , 11 coarse 1\ and 91 fine"· 
The blowers and the constant heater were turned on 
with a Variac setting of from 20 to 40 if the desired 
temperature was 60°0 or below and at 90 if the desired 
temperature was 80°0 or above. The controller with maxi-
mum dial settings was now turned on with a Variac setting 
of 100 to 140. The water in the cooling coil was turned 
on as an additional heat sink. 
After the temperature of the bath had risen to within 
21 
22 
2 degrees of the desired control point, the reading of the 
"range 10 dial was lowered until the relay shut off and 
this dial was then turned to the next higher positiono 
Next~ the '0 coarse 10 dial reading was lowered until the 
relay again shuts off and it likewise was turned to the 
next higher dial reading. The ' 0 fine 00 dial was now adjusted 
until the desired control temperature was reached. The 
Variacs were now adjusted so that the on-time of the con-
trolled heater was approximately equal to the off-time and 
these times were as short as possibleo This was a trial 
and error procedure o The dial readings were then recorded. 
Any time in the future when this temperature was again 
desired 1 the recorded controller settings for this temper= 
ature could be used with possibly minor adjustments in the 
n fine II dial reading. 
A Beckmann thermometer was used to check the tempera-
ture variation at 60°0 and at 80°0. It was found that the 
variation within the bath was ±0.02°0. The temperature 
did have a tendency to drift over long periods of time due 
to temperature changes in the room which would change the 
resistances of the resistors in the bridge circuit of the 
controller which in turn would change the control point. 
This drift could be eliminated when a run was being made. 
Sample Preparation 
Research grade (99.98 mol %) benzene and spectrograde 
methyl alcohol were used in this work. These samples were 
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not purified furthero However 1 they were kept over 
Drierite which would adsorb any moisture which might have 
been present. 
The sample tubes were cylindrical glass tubes from 
which the samples could be introduced into the U-tubeso 
An arm at the top included a high vacuum stopcock and a 
ground glass joint which could be connected to the sample 
inlets on the apparatuso 
The sample was drawn into the sample tube by first 
pulling a vacuum on the tubes and then pulling the sample 
into the tube with this vacuum. The sample was frozen and 
a vacuum pulled on it. It was then allowed to melt~ and 
refrozen under vacuumo This was done several times to 
assure that the sample was adequately degassed. Degassing 
was accomplished while the sample tube is connected to the 
apparatus. The coolant used for freezing the sample 
(acetone-dry ice or liquid nitrogen) was placed in a dewar 
flask which could be raised around the sample tube. After 
degassing,the sample was ready to be used. 
Leak Testing 
A Tesla coil was used to detect leaks in the glass 
part of the apparatus. The system was assumed to be suf-
ficiently free of leaks if (1) a vacuum could be pulled 
below 0.1 microns mercury pressure on the U-tubes and (2) 
the-rise in pressure under static conditions over a period 
of 8 hours or more was not more than 10 to 20 microns 
mercury pressure. 
Volume Calibration of Sample Legs 
As previously mentioned,the sample legs of the U-
tubes were constructed of precision bore pyrex tubingo 
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The tolerance on this tubing was ±Q.0002 inches. The 
volume of sample in the leg could be determined from the 
height of the mercury in the leg and the diameter except 
that at the top of each sample leg was a bellows valvej a 
stainless steel tubing fitting~ a kovar seal and a tapering 
of the tubing so that it could be connected to the glass 
of the kovar seal. This volume must be found by 
calibration. 
A reference point was chosen at the top of the sample 
leg as a distinct line which could be read with the cathe-
tometer. The distance from this reference point to a point 
located sufficiently far down the U=tube to assure that 
the tubing was precision bore at this point was called the 
calibration height. The volume above this imaginary line 
was called the calibration volume. This is illustrated 
in Figure 3. 
The calibration volume was found by making a pressure= 
volume run using argon at 320°K. The second virial coef= 
ficient of argon at this temperature had previously been 
found to be zero (18). 
The volume of a sample for any given mercury height 
in the sample leg could then be found by adding the cali-















bore part of the sample leg. This is illustrated in the 
calculation procedure found in Appendix A. When a run was 
being made, the mercury used for the compression of the 
sample was never allowed to rise into the calibrated 
volume section of the sample leg. 
Operation of Apparatus 
To begin a run a vacuum is first pulled on the U-
tube using the primary vacuum pump with stopcocks L, K, I, 
and D open and stopcocks J and Mand valves C and E closed. 
The diffusion pump is turned on when the pressure is below 
100 microns mercury pressure. Upon initial startup, the 
system was evacuated for 6 to 8 hour;s before a series of 
runs was started. By regulating valve E mercury from the 
mercury reservoir is allowed to rise to just above valve 
E. The mercury used here was tripled distilled. If dur-
ing operation, the mercury became contaminated, it was 
filtered and redistilled. Stopcock Dis now opened and 
the stopcock on the sample tube is closed. After the de-
sired temperature is attained and the controller is 
controlling about this temperature, stopcock I is closed. 
The stopcock on the sample tube is now opened allowing the 
sample to vaporize into the U-tube. After opening this 
stopcock for approximately one minute, it is closed and 
the vapor sample is in the U-tube ready to be used. 
Valve Eis now opened allowing mercury to rise into 
the U-tube to a height of about 6 to 8 inches. Stopcock I 
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is now opened and the vacuum side of the U-tube is 
evacuated. After the pressure on the vacuum side of the 
U=tube is below 5 microns mercury pressure and the sample 
has reached thermal equilibrium (15 to 20 minutes)~ the 
two mercury heights in the U-tube are read using the 
cathetometer and recorded. Before using 9 the cathetometer 
is leveled by following the procedure described by the 
manufacturer (14). Each reading is repeated twice and if 
the two readings differ by more than 0.05 millimeters~ a 
third reading is madeo The room temperature is recorded 
to correct the calibrated bar of the cathetometer for 
temperature expansion. The reference point at the top of 
the sample leg is also read with the cathetometer and re= 
corded along with the bath temperature. The reference 
point is checked once for each run to correct for any 
change in the position of the cathetometer during the 
leveling procedure before each run. 
Valve Eis again opened allowing more mercury to rise 
in the U-tube, approximately 10 centimeters above its pre-
vious height in the vacuum leg. After an 8 to 10 minute 
waiting period~ allowing for thermal equilibrium to be 
reached, the mercury heights are again read with the 
cathetometer and recorded. This procedure is repeated 8 
to 10 times for a run from the lowest pressure possible 
(determined by the sample size) to the highest pressure 
(determined by the length of the vacuum leg or the satura= 
tion :pressure of the sample which must never be approached). 
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Air at approximately 10 psig is used through stop-
cock G to force the mercury into the U-tubeo After 
obtaining the desired number of readings,the mercury is 
withdrawn to the point of the initial reading. Stopcock I 
is now closed and some sample is allowed to vaporize from 
the sample tube to the vacuum leg of the U=tube to equalize 
the pressure in the two legs. The mercury is then with-
drawn to just above valve E. A vacuum from the secondary 
vacuum pump through valve G is used to pull the mercury 
out of the U-tube. Stopcock I is again opened and after 
the apparatus is completely evacuated, it is ready for the 
next sample. 
The procedure used in the volume calibration with 
argon is the same as mentioned above except in the method 
of injecting the sample into the U=tube. The argon 
cylinder was connected with tubing to P or Q, the open 
arms of the 3-way stopcocks on the sample inlets. After 
allowing sufficient argon to flow through the lines to 
assure that all the air was carried away, argon under 6 
psig pressure was introduced into the sample tubes by use 
of the 3-way stopcock on the sample in.let. The argon was 
then allowed to expand from the sample tube into the sys= 
tem. This procedure was used so that an excess amount of 
argon would not be introduced into the U-tube. 
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Cleaning of the Apparatus 
Since the apparatus was permanently installed, 
cleaning created a slight problem. First, the mercury 
reservoirs were disconnected; then, the portion of the 
apparatus between the sample inlet and valve C could be 
cleaned. A solution of ethyl alcohol-sodium hydroxide was 
used to remove any stopcock grease which may have found 
its way into the U-tube. After rinsing this out with 
water, a solution of sulfuric and chromic acid was used to 
clean the U-tubes. After rinsing again with water, the U-
tubes were rinsed with methanol. After the preliminary 
drying by evaporation, the U-tubes were dried under vacuum 
and degassed using a natural gas-air flame on the outside 
of the glass. 
CHAPTER V 
DISCUSSION OF RESULTS 
Over the period during which the experimental results 
were obtained,some changes in the apparatus were made with 
the main purpose being to improve the results. These 
changes will be discussed before the results arediscussedo 
The first experimental difficulty encountered was the 
measuring of the mercury meniscus using the cathetometer. 
The background of the meniscus and the lighting were found 
to be very important in determining the clarity of the 
meniscus in the scope of the cathetometer. The best back= 
ground contrast which was found was completely black with 
a narrow white stripe directly behind the mercury column. 
The reflection from the mercury surface caused by the 
lighting was also troublesome. A series of light bulbs 
placed inside the thermostated bath was found to be unsat= 
isfactory because they upset the temperature control and 
still caused some unwanted reflection. An acceptable 
lighting arrangement was finally obtained by placing a 36 
inch fluorescent light on each side of the front window. 
After various changes in the experimental technique 
(which will be discussed later) up to Run 92j the 
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experimental results obtained except for a few cases were 
still unsatisfactory. At this point, the 3/4 inch U-tube 
was revised in that the valve at the top of the sample leg 
was removed. A sketch of this revised apparatus is shown 
in Figure 4o The reason for removing this was to check if 
the valve or teflon seat were the cause of the erratic re-
sults obtained. The results obtained with this revised 
apparatus will be discussed later. 
During the course of the experimental work, glass 
breakage created a problem at times. Break~ge of the 
bellows in the bellow valves leading to the mercury 
reservoirs was also a problem. In the final revision of 
the apparatus, these valves were replaced by Hydromatics 
series 715 stainless steel ball valves. These valves 
worked very well as replacements for the bellows valves. 
A summary of all the results obtained in this work 
for the second virial coefficients of benzene and methanol 
appear in Table I and Table II,respectively. As one can 
see upon examination of these tables, a very small number 
of the determined second virial coefficients agree satis= 
factorily with the literature values. The literature 
values are listed at the beginning of these tables. The 
runs for each compound are listed in the sequence in which 
they were made except for several runs in which the data 
were totally inconsistent and impossible to analyze. The 
run numbers are in the sequential order in which all the 
runs were made. 
To vacuum source 
Sample inlet 
Sealed sample leg 
Ball valve 
To Mercury Reservoir 
Figure 4. Revised Sketch of 



































TABULATION OF EXPERIMENTAL RESULTS AND COMPARISON 









































































































TABULATION OF EXPERIMENTAL RESULTS AND C01'1PARIS0N 
WITH LITERATURE VALUES FOR METHANOL 
Run Temperature Second Virial Difference from 
Number (° C) Coefficient~ ml/mole literature value 
60.00 -1220 Ref (21) 
80000 - 980 ! 0 
38 60.05 -1268 - 48 
39 59.99 -1226 6 
40 60000 -1373 - 153 
41 60.05 -1416 = 194 
52 59°79 -1531 = 311 
53 59.99 -1529 = 309 
54 59.87 =1398 = 178 
55 60.16 -1467 - 247 
56 60.08 -1429 ~ 209 
57 59°98 ~1429 = 209 
59 59.97 -3081 =1861 
60 59-98 =3023 -1803 
61 60.00 -2867 =1647 
62 59.97 =2644 -1424 
68 60.28 -2719 -1499 
69 79.92 -1106 - 126 
70 60.08 -2531 -1311 
71 79.92 - 980 
72 79.92 -1058 - 78 
73 80.02 -1037 - 57 
74 59.97 -2298 -1078 
75 59.97 -2106 - 886 
76 59.98 -1993 - 773 
83 80.02 -1414 - 464 
84 79.94 -1443 = 493 
85 80.02 -1105 - 125 
86 80.00 -1101 - 121 
100 60.05 =1320 = 100 
101 60.01 -1292 - 72 
102 60.00 =1317 - 97 
103 60.00 -1218 2 
31:: ' .,, 
The first phase of the experimental work consisted of 
calibrating the volumes of the U-tubes as previously indi-
cated. The results of these runs are tabulated in Appendix 
B. The value of the calibration volume is 9.00 ml for the 
3/4 inch U-tube (used in Runs 21-28)~ 9.471 ml for the 1/2 
inch U-tube (used in Runs 29-92) and 21.643 ml for the 
revised 3/4 inch U-tube (used in Runs 98-105). The effect 
of an error in the calibration volume on the determined 
second virial coefficient is discussed in Appendix C. 
The second phase of the experimental work is to re= 
produce the literature values of the second virial coef= 
ficients for the pure compounds. The first attempt at 
this was made with benzene in the 3/4 inch U=,tube at 60 °C. 
The results of Runs 21-25 were very unsatisfactory and 
differed from the literature values by ~1000 to =2000 ml/ 
mole. The behavior of the data of these runs is similar 
to that of Runs 87-92 and will be discussed when the 
latter runs are considered. After Run 25, the apparatus 
was cleaned and Runs 26-28 were made. The improvement in 
the results over those of the previous runs is quite 
apparent. However, at the time when these runs were orig= 
inally analyzed, the results of these runs were thought to 
be wo~se than they actually are (see Appendix B) so the 
experimentation proceeded as will be described. The be-
havior of the data of these runs is illustrated by Figure 
5 which shows the relationship between PV and P for Run 28. 
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Figure 5" Relationship Between PV and P for Run 28 \.N O") 
the curvature noted in later runs does not exist. It is 
believed by the author that if more care were taken in 
runs which behaved as these acceptable results could be 
obtained. 
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Runs with benzene at 60°C in the 1/2 inch U-tube are 
included in the next attempt to obtain acceptable results. 
The results of these rµns with the exception of Run 30 
differed from the literature value by -400 to -800 ml/ 
mole. These results are considered further when adsorp-
tion is later discussed. The unusual behavior of Run 30 
is difficult to explain. It could be explained by a 
unique combination of the probable errors involved, a leak 
which is very unlikely, or some error in the experimental 
technique which was not apparent at the time of the run. 
Being unsuccessful in obtaining acceptable results 
for benzene, Runs 38-41 were made with methanol at 60°0 
in the 1/2 inch U-tube. Runs 38 and 39 gave good results 
but no success was made in the attempt to reproduce these 
results with Runs 40 and 41. Adsorption by some contami-
nating material introduced between Run 39 and Run 40 is 
probably responsible for the behavior noted. The general 
behavior of these runs is illustrated by Figure 6. Here, 
a distinct concave curvature towards the pressure axis is 
noted which will later be shown to be due to adsorption. 
This curvature exists for the experimental data from each 
of these runs. Run 42 was made with benzene to see if any 
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the result of this run, there was no such improvement. 
In Runs 52, 53, 55, 56, 57, 59, 60, 61~ and 62 data 
were obtained with a compression and an expansion of the 
sample or with multiple compressions or expansions of the 
sample. The behavior of the data obtained from these runs 
is illustrated in Figure 7. It is interesting to note 
here that the PV product at a given pressure obtained from 
expansions or compressions after the initial compression 
are always less than the PV product calculated from the 
data of the initial compression. This indicates that a 
part of the sample disappears through adsorption with in-
creasing pressure and does not totally reappear when the 
pressure is again lowered. This may be partially ex.plained 
by the fact that as the pressure increases the adsorbing 
surface (the glass of the U-tube) is being covered by 
mercury. Any material which was on the surface before it 
was covered would then be trapped by the mercury against 
the wall. Upon contact of the adsorbed material with the 
mercury, the mercury has an excellent opportunity to 
adsorb this material and after the pressure is again re-
duced, a part of the originally adsorbed material may 
still be held by the mercury. 
Between Runs 57 and 59, the apparatus was cleaned in 
the manner previously mentioned. This had a very marked 
affect upon the determined second virial coefficient. It 
can be seen from Table II (page 34) that the values found 
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Figure 7 o Relationship Between PV and P for Run 57 ..f::' 0 
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accepted value by =200 to -300 ml/mole whereas those ob-
tained from Runs 59-62 differed by -1500 to -1800 ml/moleo 
This large deviation can probably be explained only in 
that some impurity or contaminant was introduced in 
cleaning. This was probably due to incomplete rinsing of 
the apparatuso The surface may also haYe become more 
selective to adsorption upon cleaning but~ due to the size 
of the difference noted in the calculated second virial 
coefficients~ this is rather improbable. 
The data from Runs 63=67 were so inconsistent that 
the results were of no value whatsoever and are, therefore~ 
omitted here. The apparatus was cleaned several times 
during this series of runs and was finally thoroughly 
cleaned before the next series of runs was made. 
The next series of runs (68-76) was made with 
methanol at 60°0 and 80°0. It is seen in the tabulated 
results of Table II (page 34) that acceptable results were 
obtained for the runs at 80°0. The data of Runs 69~ 72 9 
and 73 have a slight concave curvature towards the pres-
sure axis when the PV product is plotted versus Pas shown 
in Figure 8 for Run 69. This curvature does not exist in 
Run 71 as seen in Figure 9. Runs 68~ 70~ 74~ 75 1 and 76 
were made at 60°0 and the results of these runs are not 
good. The behavior of these runs is illustrated byFigures 
10 and 11 where the experimental data of Runs 70 and 74 
are compared with data calculated using the accepted value 
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procedure, the large difference seen in the results ob-
tained at 60°C and 80°C can only be explained by adsorption 
on the glass and mercury surface and,since the difference 
is so marked, there is also the possibility that some 
impurity was present which would readily adsorb the 
methanol at 60°C and have little or no effect at 80°0. 
Further evidence that a part of the sample was removed by 
adsorption is illustrated by Figure 11. This is similar 
to the behavior noted in Figure 7 (page 40), although more 
pronounced and can be explained in the same manner. 
In Runs 81, 82, 87-90,and 92 an attempt was made to 
obtain results for benzene at 80°Co The second virial 
coefficients obtained from these runs differed from the 
acceptable results by -400 to -800 ml/mole. A concave 
curvature towards the pressure axis is apparent in the 
data of these runs. This is illustrated in Figure 12. 
The general behavior of this run is also illustrated with 
a comparison with data calculated from the literature 
value of the second virial coefficient. This behavior will 
be discussed later when adsorption is considered. Run 91 
was made with benzene at 100°0. There is a slight improve-
ment in the resulting second virial coefficient but it is 
not an acceptable value. This improvement is probably due 
to a lessening effect of adsorption at this higher 
temperature. 
Runs 83-86 were made with methanol at 80°0. The 
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Figure 12. Relationship Between PV and P for Run 88 .j:"!--..J 
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Runs 81 and 82 with benzene. The improvement in Runs 85 
and 86 is quite apparent, although no changes were made in 
the experimental technique. Runs 87-92 were made immedi-
ately after Run 86 with the behavior illustrated by Figure 
12. This behavior could be explained by the fact that an 
impurity was introduced into the U-tube when benzene was 
used in Runs 81 and 82; during Runs 83 and 84 with 
methanol, this impurity was in some way removed allowing 
for the improvement noted in Runs 85 and 86, and was again 
introduced with benzene in Runs 87-92. 
At this point in the experimental investigation, the 
3/4 inch U-tube was revised as discussed previously. 
After calibration with argon, Runs 98, 99, 104, and 105 
were made with benzene and Runs 100-103 with methanol at 
60°0. There is significant improvement in the results of 
these runs on the average over any of those previously 
considered. It is impossible to state whether the noted 
improvement is due to the revision which was made since 
the apparatus was thoroughly cleaned before these runs. 
It is seen that the results obtained for benzene from Runs 
104 and 105 are better than those from Runs 98 and 990 It 
is believed that a large part of the deviation between the 
resulting second virial coefficients and the literature 
values is due to the sizable standard error which was 
present in the calibration volume used in these calcula-
tions. This standard error could cause an error in the 
determined second virial coefficient of -100 to -180 
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ml/mole. This is shown in the analysis in Appendix O. The 
general behavior of the data of these runs is illustrated 
in Figures 13 and 14 where a comparison with the literature 
values is also made. A slight concave curvature towards 
the pressure axis is noted in the data of these runs. 
The results of the various series of runs made in 
this study are compared with each other by plotting PV/NRT 
versus P. This has been done for benzene at 60°0, benzene 
at 80°0, methanol at 60°0 and methanol at 80°0 in Figures 
15, 16, 17, and 18, respectively. The runs chosen for 
these comparisons are all characteristic of the behavior 
of all the runs in the series to which it belongs. 
The above figures again show a concave curvature of 
the data towards the pressure axis in most cases. These 
figures also show the marked deviation of some of the data 
from that calculated from the literature values of the 
second virial coefficients. The general behavior noted in 
these figures can be explained in the same manner as the 
PV versus P behavior of the data. 
As this discussion has proceeded at various times, 
adsorption has been mentioned as the probable main source 
of error. The curvature which is noted in the results of 
a large number of the runs has been attributed to adsorp-
tion (8). This discussion is mainly qualitative due to 
lack of data on the adsorption of benzene and methanol by 
glass and mercury surfaces. Adsorption by an impurity 
which was in some way introduced into the U-tubes is also 
1514 
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postulated. A majority of the resulting second virial 
coefficients are thought to be in error due to this reason. 
The adsorption is probably due to the contamination of the 
glass and mercury by stopcock grease. This stte>pcock grease 
! . 
more than likely found its way into the U-tubes by way of 
the stopcocks on the sample inlets. As the sample was 
introduced through these stopcocks, small amounts of stop-
cock grease were carried into the U-tubes. Some of the 
contamination is also thought to be due to incomplete 
rinsing af'ter the U-tubes were washed. 
Bottomley (5) has done some work on the adsorption of 
benzene by pyrex glass. The results of his work were 
obtained at lower pressures than those used in this work, 
but these results are used as a qualitative comparison 
with some of the calculations discussed in Appendix D. He 
also stated qualitatively that the adsorption increased 
many fold::. ( 1) when the system used was contaminated with 
traces of stopcock grease and (2) when pressures above 70 
per cent of the saturation pressure were.used. Seventy 
per cent of the saturation pressures of benzene and 
methanol are 28 and 42 cm Hg, respectively, at 60°0. This 
was not important at 80°0 since pressures equal to 70 per 
cent of the saturation pressures were never approached at 
this temperature. Even at 60. 0 0, the data which were at a 
slightly higher pressure than 70 per cent of the saturation 
pressure behaved no differently than those directly below 
this pressure. 
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In the runs where the resulting second virial coef-
ficients agree reasonably well with the literature values, 
the concave curvature towards the pressure axis is still 
apparent in most cases. Figures 5 (page 36) and 8 (page 42) 
are examples of this. All that can be stated about these 
runs is that the conditions are such that the adsorption 
was much less than in the other cases. 
It is noted that the experimental PV products have a 
tendency to curve away from those calculated from the lit-
erature value of the second virial coefficient at both 
pressure extremes., At high pressures, the amount of mate-
rial adsorbed is expected to increase,thereby causing the 
curvature as noted. At low pressures, the deviation is 
due to the increase in surface area exposed to the sample 
which has a tendency to over compensate the effect of the 
decreasing pressure. 
Some calculations are made in Appendix D to illustrate 
the amount of the sample adsorbed. This was done for three 
different series of runs. This analysis of adsorption at 
least illustrates that for a given series of runs the 
behavior of each run of the series is very similar. These 
calculations also show that the amounts of sample assumed 
to have been adsorbed are not unreasonable. 
The author believes that adsorption by the glass and 
mercury sur.faces or by a contaminating material is the main 
reason wby acceptable results (deviating .from the litera-
ture values by ±100 ml/mole) were not obtained in this 
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study. This is verified to a large extent by the discus-
sion of the errors in Appendixes C and D. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
This study reported in this thesis included (a) a 
review of the types of apparatus used for low pressure 
determination of second virial coefficients, (b) a des-
cription of the apparatus used and the experimental pro-
cedure followed, and (c) a discussion of the results 
obtained with the probable sources of erroro 
The main points realized by this study may be 
summarized as: 
1. The results obtained from experiment for the 
second virial coefficients of methanol and 
benzene were not acceptable when compared 
with literature values in all but a very few 
instances. 
2. In all runs in which the results were not 
acceptable, the mercury and glass surfaces are 
postulated to have been contaminated by some 
foreign material which can be examined only 
qualitatively from the results obtained. 
3. In the few runs in which acceptable results 
were obtained, there was still adsorption by 
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the glass or mercury which caused a concave 
curvature towards the pressure axis when the 
PV product is plotted versus the pressure. 
4. In working with the type of apparatus used 
in this studyj contamination of the mercury 
and glass surfaces is one of the most impor-
tant factors which must be eliminated if 
acceptable results are to be obtained. 
5. Upon evaluation of the probable errors in-
volved other than adsorption~ it is seen 
that the accuracy with which the calibration 
volume is determined and the sample size as 
related to the calibration volume have the 
largest effect on the second virial 
coefficient. 
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From information gained in this studyi the following 
recommendations concerning future work may be made: 
1. Be extremely careful in keeping the glass and 
mercury surfaces free from contamination. 
2. Determine the calibration volumes with as much 
accuracy as possible. 
3. When extending this work to binary mixturesj 
consider other methods for making up the mix-
tures so that no valve would be required at the 
top of the sample legs. 
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APPENDIX A 
DATA ANALYSIS 
The following discussion is an illustration of the 
calculational procedure used to determine the secondvirial 
coefficient from the experimental data. The data used here 
is from Run 38, a run using methanolo 
EXPERIMENTAL DATA 
Radius of precision bore tube= R = 0.25 inches 
Calibration volume •.•. =Calv= 9.471 cm' 
Calibration height .•.. = Calh = 8.000 cm 
Room Temperature •..••. = t = 28.2°0 
Reference point cathetometer reading= Refp = 56.096 cm 
56.090 em 
56,.094 em 

























of Hg height in 
. sample leg 
42.015 42.005 42.006 
39.860 39.860 
36.555 36.551 36.553 
33.040 33.044 ·33 .. 046 
28.463 28.4-60 
24.405 24- .4-02 
19.464- 19.4-66 
14-.805 14.810 14-.805 
Taking the arithmetic average of cathetometer readings: 
R. n,avg s n,avg R n, avg s n,avg 
84-.736 4-2.009 50.14-9 28.4-61 
76.915 39.860 4-3.311 24-.4-03 
67.309 36.553 35.782 19.4-65 
59.085 33.043 29.269 14-.807 
64-
(17). 
(Refp)avg = 56.093 Tavg = 60.08°0 
Temperature correction from NBS calibration= 0.03°0 
Tcorrected = 60 .. o5oc 
Partial pressure of mercury at 60°0 = 0.0025 mm Hg 
The pressure and volume are now calculated from the 
following equations: 
(A-1) 
Vn = Calv(G) + (Refp - Calh - Sn)(A)(G)(F) (A-2) 
and 
.. · .··· 
E = 1/(1 + 0 .. 18169 x 10-3T + 0.2951 x l0;.:.8T2 + ~,11456 x 10-9T3) 
where 
(A-3) 
F = 1- O.OOOOll(t - 20) (A-4) 
G = (l + 32.5 X 10-?(T- 46.84)) 2 (A-5) 
A = (2.5400) 211:R2 (A-6) 
Rn - is the cathetometer reading of the height of the 
mercury in the vacuum leg for the nth reading 
(cm) .. 
Sn - is the cathetometer reading of the height of the 
mercury in the sample leg for the nth reading 
(cm) 
P - the pressure for the nth reading (cm Hg) n 
V - the volume for the nth readi,ng (cm3) n 
Calv - the calibration volume (cm3) 
Calh - the calibration height (cm) 
Refp - the reference point reading of the 
cathetometer (cm) 
T - - the bath temperature ( 0 0) 
t - - the room temperature (°C) 
R - - the radius of the sample leg (inches) 
n - - the number of different readings per run 
E - - the pressure correctipn allowing for the 
cubical expansion of the mercury with 
temperature 
66 
F - the correction for the linear expansion of the 
cathetometer scale with temperature 
G - the correction term for the thermal expansion 
of pyrex 
A - - the cross-sectional area of the U-tube (cm2) 
PPHG - the partial pressure of mercury at bath 
temperature. 
After calculating the pressures and volumes with the 
preceding equations, a least mean square straight line is 
found for the equation: 
where 
N - is the number of moles (g-moles) 
R0 - is the universal gas constant 
(cm Hg-cm3)/g-mole-°K) 
B - is the second virial coefficient (ml/mole) 
(A-7) 
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by use of the following equations: 
Slope, NB :::: (A-8) 
Intercept, NR0 T (A-9) 
(A-10) 
and B = NB/N • (A-11) 
A program for the IBM 1620 digital computer was 
written incorporating these equations to do these calcula-
tions. The results for Run 38 are tabulated below. 
Pn vn PnVn 
42.260 17.179 725.98 NR0 T = 746.04 
36.650 19.901 729.37 
30.419 24.090 732.81 N :::; 0,0003590 25.756 28.537 735.00 
21.450 34.341 736.61 
18.700 39.481 738.30 NB = -0.45518 
16.137 45.737 738 .. 06 
14. 302 51.637 738.53 B == -1268 
The data taken with a calibration run is the same as 
that SAown for Run 38. However, this data is analyzed in 
a slightly different manner. Since argon was used in the 
calibration and the second virial coefficient of argon i.s 
zero at 320°K, the data is fitted to the following 
equation: 
PV + P(Calv) = NR0 T (A-12) 
where Pis determined by Equation (A-1) and Vis the 
volume as calculated by Equation (A-2) with the calibra-
tion volume set equal to zero. A calibration height 
(Calh) of 8.000 cm is used for all the runs made in this 
work. 
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When the above equation is fitted to the experimental 
data, the slope of the line is the calibration volume. 
This is given by the following equation: 
Slope, Calv (A-13) 
The results of these calculations are tabulated in 
Table III, Appendix E. 
APPENDIX B 
CALIBRATION VOLUMES 
The calibration volumes are determined from the data 
as indicated in Appendix A. The results of the calibra-
tion runs for the 3/4 inch diameter U-tube, the 1/2 inch 
diameter U-tube and the revised 3/4 inch U-tube are tabu-
lated in Table III. 
The average value for the calibration volume of the 
3/4 inch U-tube is found to be 9.051 ± 0.096 ml. If the 
values obtained from Runs 7-10 and 17 are omitted, this 
value is 9.087 ± 0.028 ml •. The improvement obtained in 
the standard error and the fact that the omitted values 
all deviate from this average value by more than four 
times the standard error is used as sufficient reason to 
neglect these values. The second virial coefficients 
calculated for Runs 26-28 are -855, -896 and -757 ml/mole 
respectively when this value is used as the calibration 
volume. Since these values are all below the literature 
value, a quantitative explanation should be made for this 
behavior. The only errors which could cause deviation in 
this direction of this magnitude are either a leak or a 
sizable error in the calibration volume. Since the author 
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is assumed that this behavior is caused by an error in the 
calibration volume. For this reason, the calibration 
volume used for Runs 21-28 is chosen as 9.000 ml. 
The average value for the calibration volume of the 
1/2 inch U-tube is 9.484 ± 0.046 ml. If the results of 
Runs 1, 2, and 47 are omitted, the average value becomes 
9.472 ± 0.017 mlo Here again sufficient reason is obtained 
for dropping these values from the improvement in the 
value for the standard error and the fact that Runs 1 and 
2 differ from this average value by more than four times 
the standard error and Run 47 differs from the average 
value by more than two times the standard error. Another 
reason for omitting the results of Runs 1 and 2 is that 
they were the first runs made on the equipment so the pos-
sibility that they are in error is greater. Thus, the 
value of 9.472 ± 0.017 ml was used as the calibration 
volume for Runs 29-92. 
The average value for the calibration volume of the 
revised 3/4 inch U-tube is 21.643 ± 0.090 ml. This value 
was used for Runs 98-105 even though there is a relatively 
large standard error present·in using this value. 
APPENDIX C 
ERROR ANALYSIS 
Expected error in PV product obtained from l/2 inch 
diameter U-tube assuming 0.003 cm error in each cathetome-
ter reading and .017 ml error in the calibration volume 
for the 1/2 inch U-tube. 
Expected error in the Pressure 
2 - cathetometer readings -- error is ± 0. 006 cm 
Pressure= P ± 0.006 cm Hg~ P ± 0.6/P% 
Ex:pected error in volume 
Error in the calibration volume 
From analysis of data for calibration volume 
Calv= 9.472 ± 0.017 ml 
Error in cross-sectional area of the U-tube 
From the tolerance on the precision bore tubing 
D = 0.5 ± 0.0002 inches 
= 0.5 + 0.04% 
A= (2.5400)2n(0.25)~ ± 0.08% 
= 1.26677 ± 0.08% cm2 
Error in volume excluding the calibration volume 
Define has: h = Refp - Calh - Sn (cm) 
2 - cathetometer readings in the measure-
ment of h 
72 
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h = h ± 0.6/b.% 
Volume= Ax h 
= 1.26677 h ± (0.08 + 0.6/h)% cm3 
Total volume with expected error 
9-472 ± 0.017 
+ 1. 26677h ;t: 1. 26677h( 0. 0008 ... 0. 006/h) 
= 1.26677h + 9-472 ± ( .017 + .;001013h- .0076) 
or 
V = l.26677h+9.472 ± ~i:~~G?+?h~·§?k~~~% 
The error in the PV product, o, is now 
o = ±[ .6/P + (2.46 + .1013h)/(1.26677h + 9-472)]%. 
An example is presented below in which the expected 
error in the PV product is calculated by the above equa-
tion for Run 38. 
at p = 42.260 cm Hg 
PV = 725.9s ± 1.36 
at p = 25.756 cm Hg 
PV = 735.00 ± 1.24 
at p = 14.302 cm Hg 
PV = 738.53 ± 1.13. 
The arithmetic average of the absolute values of the 
deviations of the PV products from the fitted line for 
this run is found to be 0.61. This same arithmetic aver-
age averaged over all of the runs made was found to be 
74 
0.66. Therefore, the actual results obtained give better 
results than is expected from the previous expected error 
analysis even though the arithmetic average was increased 
for a majority of the runs due to the curvature which has 
been previously noted. However, it should be noted that 
an error in the calibration volume is not included in the 
arithmetic average deviation considered above. 
The effect of the deviation of the PV products from 
the straight line fitted to the data on the determined 
second virial coefficients is consider~d in the next 
section. 
Statistical Analysis of Standard Error in B 
This analysis does not consider the accuracy of the 
calculated second virial coefficients with respect to lit-
erature values. However, it is a good estimate of the 
standard error of B which could be expected from the scat-
ter of the experimental data about the least mean square 
fitted straight line. The magnitude of the deviation of 
the data scattered about the fitted line in this work is 
larger than if the tendency of curvature was not presento 
The results of-this analysis are presented in Table IV. 
These results actually indicate that the scatter inherent 
in the cathetometer readings ,was not large and results 
.. 
dependent upon just this scatter would be very acceptable. 
It should be mentioned that these standard errors do 
not include the effect of an error in the calibration 
TABLE IV 
STANDARD ERROR IN SECOND VIRIAL COEFFICIENT 
. FROM STATISTICAL ANALYSIS 
Run Second Virial-Coefficient Standard.E+-ror 
Number (ml/mole) (ml/mole) 
105 -1151 31 
104 -1137 11 
103 -1219 59 
102 -1317 45 
101 -1292 66 
100 -1320 18 
99 -1356 25 
98 -1246 16 
92 -1580 36 
91 -1117 33 
90 -1445' 35 
89 -1618 39 
88 -1728 37 
87 -1685 45 
86 -1101 37 
85 -1105 38 
84 -1443 61 
83 -1414 46 
82 -1469 65 
81 -1607 45 
The average standard error of the above r'1llS is 39.1. 
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volume. Such error causes a change of the slope of the 
data on a PV versus P plot but it would not affect the 
scatter of the experimental data about the fitted line. 
Since a least mean square fit is used with Equation 
(A-7),' the following equations are used in the analysis 
(11): 
The standard error in the PV values 
76 
(C-1) 
The standard error in the intercept 
(C-2) 
The standard error in the slope 
(C-3) 
The estimated error in the temperature 
ST= 0.03°0 (C-4) 
Now, since in the calculation of B, one has 
B slope (NB) 
= Intercept (NROT)/ROT (C-5) 
the percentage error in B will be equal to the sum of the 
percentage errors in the slope, the intercept and the 
temperature. The percentage error in Bis then given by 
77 
the following equation: 
(C-6) 
The standard error in Bis now equal to the percentage 
error in B multiplied times the value of B. 
Error in the Second Virial Coefficient 
Due to an Error in Calibration Volume 
The error in the calculated second virial coefficient 
is a linear function of the error in the calibration 
volume. For example, if the error in the virial coeffi-
cient was 30 ml/mole caused by an error of -0.01 ml in the 
calibration volume, then if the error in the calibration 
volume was 0.02 ml the error in the virial coefficient 
would be 60 ml/mole. Li.kewise, if the error in the cali-
bration was -0.01 ml, the error in the c_alculated virial 
coefficient would be -30 ml/mole. 
The error in the calculated virial coefficient due to 
an error in the calibration volume is also a function of 
the number-of moles of sample used. Figures 19, 20, and 
21 show this relationship. The data used in these figures 
were obtained by varying the calibration volume by a known 
increment and using the digital computer program previously 
mentioned, calculating the corresponding change in the 
virial coefficient. These figures show that as the number 
of ~oles decreases the error involved in the calculated 
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Figure 19. Relationship Between Moles of Sample and the Error in B Due to 
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Figure 20 •. Relationship Between Moles of Sample and the Error in B Due to 
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Figure 21. Relationship Between Moles of Sample and the Error in B Due to 





given error in the calibration volume. This can be quali-
tatively used to partially explain why the results for 
methano.l on the average were better than those for 
methanol. The amount of benzene used in a run was always 
less than the amount of methanol used in a corresponding 
run. 
From this analysis and the standard errors involved 
in the calibration volumes, the error in the second virial 
coefficient resulting from the calibration volume is 41 to 
92 ml/mole for the 1/2 inch U-tube, 100 to 225 ml/mole for 
-· -· 
the 3/4 inch U-tube assuming a standard error of 0.05 ml, 
and 100 to 180 ml/mole for the revised 3/4 inch U-tube. 
APPENDIX D 
SOME ADSORPTION CALCULATIONS 
Adsorption is considered here for three different 
series of runs. For two of these, the same method of 
analysis is used and in the third a slightly different 
analysis is used. The first method is used on Runs 31-37 
and Runs 87-90. Here,an experimental PV value at approx-
imately the same pressure for each run in a series is used 
with the literature value of the second virial coefficient 
to calculate t~e PV products which would give acceptable 
results. The difference between the experimentally deter-
mined values and those calculated, APV, is proportional to 
· the number of moles adiorbed, N. If this APV is divided 
by the volume,.AP/V, a quantity proportional to the moles 
adsorbed per unit area is obtained. The relationship be-
tween APV/V and the pressure is illustrated in Figures 22 
and 23. If the quantity APV/V is divided by R0T and 
multiplied by the volume to area ratio the resulting quan-
tity is tl:l.e number of moles adsorbed per um,t area. A 
summary of these calculated values is presented in Table v. 
The volume to area ratio used for this calculation was 
0.643 which is only an approximate value. A quantitative 
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Figure 22. Deviation of Experimental Values of PV From Those Calculated 
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Figure 23. Deviation of Experimental Values of PV From Those Calculated 



























*See reference 5. 
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35°0. · The values obtained from the above calculations are 
from 6 to 200 times as large as the literature values 
cited. This is partially due to the large increase in the 
pressure and probably mainly due to the _presence of :a.:con-
taminating material in the apparatus used in this work. 
The temperature difference would tend to decrease the 
amount of material adsorbed. This comparison at least 
qualitatively s:hows that· the values· obtained .. in ,these.·.: .. · 
calc.ulationE:i · are. at least reasonable. 
Another qualit~tive estimate can be made to show 
that the values obtained above are reasonable. If when the 
amount-of adsorbed material.equals 631 g-moles/1010cm2 a 
mono-layer of adsorbed material is postulated over the 
entire surface, molecul~s with molecular dimensions on the 
order of 10-? cm would be required assuming the molecules to 
be square. Since this number.is many times the molecular 
dimensions of benzene or methanol, there would still be 
many vacant sites available and the mono-layer would not 
cover the entire surface. 
In the second method of analysis; an equation similar 
to the Freundlich adsorption equation·was used (22). 
·X 6PV = WVP 
where 6PV is the change in the PV product due to adsorption 
(cm Hg-ml), Vis the volume. (proportional to the area)(ml), 
P is the pressure ( cm Hg) and W and x are constants. W 
also contains the proportionality constant relating the 
. . 
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surface area to the volume. 
This equation is incorporated into the calculation of 
the PV product. The constants Wand x are determined such 
as to minimize the standard estimate of the error in the 
least mean square fit of the straight line relationship 
between PV and P. By minimizing the standard estimate of 
the error, the curvature is essentially removed from the 
data. 
The above procedure was followed for Run 54 using the 
digital computer. The results are illustrated on Figure 
24. The values obtained for Wand x are 6.18 x 10-12 and 
6.553 respectively. The number of moles adsorbed calcu-
lated by the above equation with these constants are tabu-
lated in Table V (page 85). It is noticed that the number 
of moles adsorbed at the lower pressures by use of this 
equation is very small. Improvement in the data obtained 
with this correction as shown in Figure 24 is quite good. 
This adsorption correction equation is then used to 
correct the results of Runs 53, 55, 56, and 57 which are 
runs made in the same series as Run 54. Since some of 
these runs had multiple compressions and expansions made 
on the sample, only the data from the first compressions 
are used. The improvements in the calculated second 
virial coefficients are given in Table VI. Although the 
values of the second virial coefficients calculated using 
this correction are slightly over corrected, the results 
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_SECOND VIRIAL COEFFICIENTS CORRECTED FOR ADSORPTION 
Run Second Virial Coefficient (ml/mole) 
Number Uncorrected Corrected 
57 -1581 -1093 
56 -1509 -1115 
55 -1467 -1285 
54 -1398 -1169 
53 -1480 -1128 
Runs were all made with methanol at 60°0 where the 
acceptable value from the literature is -1220 ml/mole. 
could probably be accounted for by some of the errors 
which were discussed in Appendix C. 
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